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Accepted 4 September 2016The objective of this techno-economic analysis (TEA) was to deﬁne the production cost of the microalga
Tetraselmis suecica in a 1-ha plant made of “Green Wall Panel-II” (GWP®-II) photobioreactors. The study was
based on an energy analysis carried out for a similar plant located in Tuscany (Italy) and considers the steps
from inoculum preparation to the wet algal paste. Costs of equipment and materials were obtained frommanu-
facturers and suppliers, while operating costs and output data (e.g. biomass composition and productivity) were
collected during several years of trials at the Fotosintetica & Microbiologica S.r.l. facilities (Florence, Italy). Other
data were obtained from Microalghe Camporosso S.r.l. (Imperia, Italy), where a commercial 1500-m2 GWP®-I
plant is in operation and two 250-m2 GWP®-II modules were built and used in the framework of the EU project
BIOFAT. This TEA shows that, given a productivity of 36 tonnes per hectare per year, T. suecicabiomass canbe pro-
duced at a cost of €12.4 kg−1 (dry weight). Using conservative assumptions it was estimated that at the 100-ha
scale the cost will be €5.1 kg−1. Locating the plant in more favorable climatic conditions (e.g. in Tunisia) will
allow reaching 54 tonnes per hectare annually and reducing cost to €6.2 kg−1 at the 1-ha scale and to
€3.2 kg−1 at the 100-ha scale. The major cost factors are labor at 1-ha scale in Tuscany and capital expenses in
all the other cases. This TEA conﬁrms that microalgal technologies have high potential not only for high-value,
but also formedium- and low-value products, while the production of biofuels, protein, food and feed seems cur-
rently out of reach. However, the global scenario of agriculture commodities is rapidly changing and other factors
(e.g. sustainability), besides a pure economic evaluation, will assume greater importance in the future.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Despite the many advantages of microalgal technologies, the world
annual production of microalgal biomass is less than 20,000 tonnes,
mainly obtained in raceway ponds due to the lower investment neces-
sary to build and operate open systems compared to closed reactors
[1,2]. However, raceway ponds suffer from many disadvantages,
amongwhich the use of high water volumes per unit area and contam-
ination (by atmospheric pollutants and competing organisms) [1–3].
Closed systems (photobioreactors) reduce freshwater losses, allow to
operate at higher cell concentration (which favors harvesting and de-
creases medium preparation and handling costs), and, above all,le Analysis; HDPE, High Density
mal liter; O.D., outer diameter;
ltaic; PE, polyethylene; PLC,
PVC, polyvinyl chloride; NER,
pacity used to measure the po-
inal power of the PV module).
. This is an open access article underdiminish the risks of contamination, which limits the value of the bio-
mass, especially for the cosmetic and foodmarkets [1–2]. Finally, closed
systems increase the number of algal species that can be cultivated out-
doors [2–3].
Many economic analyses on microalgal biomass production have
been published. Most of these studies have been performed for open
systems [4–9] or hybrid facilities where the photobioreactors are used
to produce the inoculum, while mass production is carried out in open
ponds [10–11]. A few economic analyses have focused on closed
photobioreactors [4–5,7–9,12–13]. These studies are not comparable
because data on yields and costs refer to different culture systems, dif-
ferent strains and diverse environmental and social conditions. Some
analyses are based on unrealistic productivities extrapolated from theo-
retical photosynthetic efﬁciencies, impossible to be attained with solar
radiation [3]. Above all, with the exception of biofuels, these analyses
in most cases do not target speciﬁc products. Other limitations of
many economic analyses on microalgal biomass production are the
lack of the necessary level of detail and the fact that they are based on
small-scale plants and short-term studies, since commercial facilities
do notwillingly disclose their production costs. Finally, someof the pub-
lished analyses do not consider location, which strongly affectsthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tricity, fertilizers) and reliability of the operation (e.g. social and regula-
tory issues). However, when focused on speciﬁc target products and
based on reliable input data, techno-economic analyses are very useful
tools for strategic planning and can assist in evaluating the economic vi-
ability of algae-based processes.
The objective of the present TEA was to deﬁne with as much detail
and certainty as possible the production cost of 1 kg (dry weight) of
the microalga Tetraselmis suecica F&M-M33 cultivated in a 1-ha plant
composed of “Green Wall Panel-II” (GWP®-II) photobioreactors. The
study was based on a recent energy analysis carried out for a similar
1-haGWP®-II plant [14] and considers all the cultivation steps, from in-
oculum preparation to the obtainment of the wet algal paste. Algal
paste, fresh or frozen, can be used as feed, food ingredient, for probiotic
production through lactic fermentation or for further extraction and pu-
riﬁcation of speciﬁc compounds (pigments, polyunsaturated fatty acids,
vitamins, etc.). When required it can be dewatered by air-drying, spray
drying or lyophilization. In order to increase the accuracy of this analy-
sis, costs and lifespans of equipment and materials were obtained from
manufacturers and suppliers, while operating costs and output data
(biomass composition and productivity) were collected during several
years of ﬁeld trials at the Fotosintetica & Microbiologica S.r.l (F&M) ex-
perimental facilities in Sesto Fiorentino (Florence, Italy). Other cost and
output data were obtained fromMicroalghe Camporosso S.r.l. (Imperia,
Italy), where a commercial 1500-m2 GWP®-I plant is in operation since
2009 and two 250-m2 GWP®-II modules were built and used for re-
search and demonstration in the framework of the EU FP7 project
BIOFAT (http://www.biofatproject.eu/).
2. Description of the process
Technologies and operations described in the present analysis are
based on those adopted by F&M and Microalghe Camporosso. The
coast of Tuscany (Italy) was chosen for the plant location because its cli-
matic conditions are similar to those of Sesto Fiorentino (Florence),
where the experimental facilities of F&M are located. The 1-ha plant
here described is composed of eight 1250-m2 GWP®-II modules served
by six main ancillary systems (Figs. 1, 2) with the following functions: 1
- culture circulation; 2 - growthmedium preparation and supply; 3 - air
and ﬂue-gas supply, 4 - culture cooling; 5 - culture harvesting; 6 -Fig. 1. Scheme of the 1-ha GWP®-II plant and process ﬂow sheet. The plant consists of eight 125
ﬂue-gas supply to the panels); b) Seawater (the pipeline that, fed by the submersible pumps, b
where the growth medium is prepared; c) Nutrients (the pipeline used to transfer the fresh gr
transfer the culture from the modules to the centrifuges).parameter control and data storage. Each system is described in detail
in the following paragraphs. There are some modiﬁcations in the pro-
cess here analyzed with respect to that described by Tredici et al. [14],
where the energy balance of a 1-ha GWP®-II plant was reported.
Among these:
1. Two submersible pumps (instead of one) are used for seawaterwith-
drawal and transfer.
2. Eight blowers (instead of two) are used so as to operate themodules
independently (e.g. for growing eight different algae).
3. Eight circulation pumps and eight external heat exchangers (instead
of the internal cooling serpentine) are adopted to save energy for
cooling-water pumping and simplify the installation and replace-
ment of the plastic chamber.
4. PE is used instead of PVC for general piping.
5. The lifespan of the pumps and of the materials used for the
photobioreactor has been increased in relation to their higher
quality.
Schematic ﬂow sheets of the complete 1-ha plant and of one of the
eight modules composing the plant are shown in Figs. 1 and 2. A list of
main equipment andmachines is reported in Table 1. Fig. 3 shows a gen-
eral view and a particular of a 250-m2 GWP®-II module in operation at
Microalghe Camporosso. Fig. 4 shows a GWP®-II plant under construc-
tion at Società Agricola Serenissima (Padua, Italy).
2.1. The GWP® photobioreactor
The Green Wall Panel (GWP®) is a ﬂat disposable photobioreactor,
designed and patented in 2004. The system is commercialized by F&M
and currently used for research and demonstration in the EU FP7 pro-
jects BIOFAT (http://www.biofatproject.eu/), FUEL4ME (http://www.
fuel4me.eu/), SPLASH (http://www.eu-splash.eu/) and MIRACLES
(http://miraclesproject.eu/), and in the H2020 projects PHOTOFUEL
(http://www.photofuel.eu/home.php) and NOMORFILM (http://www.
nomorﬁlm.eu/), and for commercial production of microalgae at
Microalghe Camporosso S.r.l. It is also adopted in R&D projects by sever-
al companies (in Chile, Portugal, Sweden, Saudi Arabia, Italy). The orig-
inal design, the GWP®-I [15–16], has been improved in order to reduce
its embodied energy and cost. In the new design, the GWP®-II [17–18]
(Figs. 3, 4), the ﬂexible culture chamber is contained within a rigid0-m2 GWP®-II modules (GWP_1 to GWP_8) served by fourmain pipelines: a) Fluegas (for
rings the seawater, after ﬁltration, to the heat exchangers or delivers it to the storage tank
owth medium from the storage tank to the reactors) and d) Culture (the pipeline used to
Fig. 2. Scheme of one of the eight 1250-m2 GWP®-II modules composing the plant. The module consists of twenty-four 48-m-long panels hydraulically connected at both ends by PVC
manifolds that ensure homogeneous distribution of the culture by means of pump circulation. Each panel can be isolated by closing a valve, e.g. to be cleaned or for maintenance. The
module displays a total panel surface area of 800 m2 and occupies a land surface area of 1250 m2 (including piping and manifolds). Pipelines for culture circulation, seawater transfer,
medium preparation, culture movement and gas supply, pumps, blowers, ﬁlters and the heat exchangers are shown.
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driven into a wooden base and connected at the top by two horizontal
stainless steel U-shaped bars. The removal of the grids (that character-
ized the GWP®-I) and the reduction of the height of the culture cham-
ber from1 to 0.7m, allowed the adoption of amuch lighter containment
frame and a signiﬁcant decrease in embodied energy and cost of the re-
actor. The culture chamber is made of a PAR-transparent (N90%) LDPE
ﬁlm (0.3-mm thickness). When in a vertical position and ﬁlled up to
the top (0.7 m), the culture chamber has an average thickness (light
path) of about 4.5 cm. Thus, one squaremeter of panel holds 45 L of cul-
ture, which corresponds to 31.5 L per linearmeter of panel. Mixing, gas/
liquidmass-transfer and carbon supply are achieved by bubbling air or a
CO2-enriched gas (e.g. ﬂue-gas) through a perforated pipe, which runs
at the bottom of the culture chamber. Thermoregulation is provided
by circulating the culture through an external heat exchanger. The
main advantages of the GWP®-II are easiness of operation, adaptability,
suitability to fragile strains, the capacity to be scaled-up, and the low
construction cost compared to other, especially tubular [12], closed sys-
tems. A new design, the GWP®-III.A, is commercialized by F&M. In this
last system, thanks to a pneumatic cylinder that automatically changesTable 1
List of main plant equipment and machines and their characteristics and function in the plant
Machine or equipment Number of units Other characteristics and function
GWP®-II module
(including manifolds)
8 Composed of twenty-four 48-m-l
volume 39.4 m3
7.5-kW blower 8 Three-lobe blower regulated by a
10-kW submersible pump
(PUMP 1 and 2)
2 Submersible pump regulated by a
kW; 400 V – 50 Hz
5.5-kW centrifugal pump
(PUMP 3)
1 Centrifugal pump to transfer the g
modules. 40 m3 h−1; 2.7 bar; 5.5
0.75-kW centrifugal pump
(PUMP 4 and 5)
2 Centrifugal pump to deliver stock
3.75- kW circulation pump 8 Open impeller centrifugal pump r
exchanger. 97 m3 h−1; 1 bar; 3.75
Centrifugal separator
(Centrifuge 1 and 2)
2 Westfalia centrifugal separator fo
Heat exchanger 8 Titanium plate heat exchanger for
Stock solution tank
(stock solution tank 1 and 2)
2 1-m3 HDPE tank for preparation o
Growth medium tank 1 50-m3 galvanized steel tank for g
PLC system 1 System to measure and control cu
Seawater pipeline 1 Pipeline to deliver seawater to the
Culture harvesting pipeline 1 Pipeline to transfer culture from m
Air/ﬂue-gas pipeline 1 Pipeline to deliver ﬂue gas to the
Growth medium pipeline 1 Pipeline to transfer growth mediu
Culture circulation pipeline
(manifolds)
1 Pipeline to pump the culture thro
200–180–110-63 mmthe panel inclination, light interception is optimized, energy consump-
tion for cooling is reduced and both panel walls can be alternatively
cleaned by bubble scouring.
The 1-ha plant considered in this analysis is made of eight identical
1250-m2 GWP®-II modules. Each module comprises twenty-four 48-
m-long panels. The panels that form a module are hydraulically con-
nected at both ends by PVC manifolds that ensure homogeneous distri-
bution of the culture (Figs. 2, 3). The culture is circulated through the 24
panels belonging to the same module and the connecting manifolds by
an open impeller pump (circulation pump). The circulation ﬂow is
shown in Fig. 2. Each panel can be isolated by closing a valve, e.g. for
cleaning or for maintenance, without interrupting operations. Each
module has a total panel surface area of 800 m2, an illuminated surface
area of 1600 m2 (since both panel walls receive light), and occupies a
land surface area of 1250 m2 (including manifolds). The eight modules
display a total panel area of 6400 m2 and a total illuminated surface
area of 12,800 m2. Each module contains 39.4 m3 of culture (including
that in the manifolds) for a total plant culture volume of 315 m3. The
panels are placed in parallel rows spaced of 1 m and are E-W oriented
(one wall of the panel is facing east and the other west) in order to(see also schemes shown in Figs. 1 and 2).
ong panels. Total panel surface area 800 m2; occupied land area 1250 m2; culture
frequency inverter for culture bubbling. 520 Nm3 h−1; 0.12 bar; 7.5 kW; 400 V - 50 Hz
frequency inverter for seawater withdrawal and transfer. 300 m3 h−1; 1.5 bar; 10
rowth medium from the growth medium tank to a ﬁlter (1 μm) and then to the
kW; 400 V – 50 Hz
solutions to the growth medium tank. 4.8 m3 h−1; 2.4 bar; 0.75 kW; 400 V – 50 Hz.
egulated by a frequency inverter to circulate the culture and move it through the heat
kW; 400 V - 50 Hz
r culture harvesting. 4 m3 h−1; 7.5 kW; 400 V - 50 Hz
culture cooling. 620 kWt
f nutrient stock solution
rowth medium preparation and storage
lture parameters
medium preparation tank and to the heat exchangers. PE 100 PN10; O.D. 225–200 mm
odules to the centrifugal separators. PE 100 PN10; O.D. 63 mm
modules. PE 100 PN10; O.D. 250–225–200–140 mm
m to the modules. PE 100 PN10; O.D. 75 mm.
ugh the plate heat exchanger and connect the panels of each module. PVC PN6; O.D.
Fig. 3. 250-m2 GWP®-II modules at Microalghe Camporosso (Imperia, Italy). Modules
used at Microalghe Camporosso within the activities of the EU FP7 project BIOFAT: a)
general view of the plant; b) a particular of a module with the skid containing the
electric cabinet, the control system, the blower, the pump, the plate heat exchanger and
valves.
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duce solar heating (and thus cooling needs) in the central daylight
hours.
2.2. Air and ﬂue-gas supply
In any photoautotrophic algal culture, carbon dioxide is necessary as
source of carbon for the photosynthetic process and pH regulation. In
the plant here considered, typically, CO2-enriched gas (e.g. ﬂue-gas
with 10–15% CO2) is supplied to the modules according to pH and cul-
ture growth.Mixing (required to avoid sedimentation and ensure a suit-
able gas-liquid mass transfer) is obtained by air and/or gas bubbling.
Each GWP®-II module is equipped with its own gas supply system
(Figs. 1, 2) in order to independently regulate pH and bubbling rate. A
three-lobe blower (7.5 kW) provides compressed (0.12 bar) air or
ﬂue-gas to the panels. The culture is bubbled at the ﬂow rate of
0.22 NL L−1 min−1 (520 Nm3 h−1) during daytime, a rate sufﬁcient toFig. 4. 1000-m2 GWP®-II plant under construction (Padua, Italy). GWP®-II plant undeavoid sedimentation, ensure the desired light-dark cycle and remove
the oxygen produced by photosynthesis. During the night the ﬂow
rate is decreased to 0.12 NL L−1 min−1 (284 Nm3 h−1) to reduce elec-
trical energy consumption. Bubbling rate is regulated by the blower fre-
quency inverter. The power consumption for mixing was calculated as
reported by Tredici et al. [14]. Amain pipeline (PE 100 PN10) of decreas-
ing diameter (O.D. 250-225-200-140 mm) delivers the ﬂue-gas to the
modules. When the pH value of the culture exceeds the set point, bub-
bling switches from air to ﬂue-gas, until the pH reaches the pre-set
value. In this work we have assumed that the source of the CO2-
enriched gas (e.g. a power plant, a fermenter or an anaerobic digester)
is available next to the algal plant. The lifespan of the blower and the
PE pipeline for gas supply was assumed to be 20 years.
2.3. Culture cooling and circulation
Culture circulation allows for reducing the gradients of pH, temper-
ature and nutrients and achieves cooling when the culture passes
through the heat exchanger. After ﬁltration (60-μmpore size), seawater
(assumed to be available at close distance from the plant at an average
temperature of 20 °C) is pumped through the titanium plate heat ex-
changers (620 kWt), and then back to the sea bymeans of two submers-
ible pumps (300m3 h−1; 1.5 bar; 10 kW) using a dedicated pipeline (PE
100 PN10; O.D. 225–200 mm) (Figs. 1, 2). Heat transfer from culture to
coolingwater is obtained by circulating the culture through the heat ex-
changer by means of an open impeller centrifugal pump (97 m3 h−1;
1 bar; 3.75 kW).When cooling is not necessary (e.g. in winter, in cloudy
days or during the night) the culture ﬂow-rate is reduced by acting on
the circulation pump frequency inverter. The ﬂow rate of the cooling
seawater is regulated by the control system, which acts on the frequen-
cy inverter of the submersible pumps in function of the cooling needs,
and besides opens/closes the inlet valve of the modules. The seawater
ﬂow-rate necessary to keep the optimal temperature mainly depends
on solar radiation impinging on the panels and convective heat ex-
change between the panelwalls and the air. The size of the cooling pipe-
line and the power of the submersible and circulation pumps to attain
the necessary ﬂow-rate of seawater and culture during hours of maxi-
mal irradiance was calculated as reported in Tredici et al. [14]. All the
pumps are made of AISI 316 stainless steel to prevent corrosion. For
these machines as well as for the PVC pipes and ﬁttings needed for cul-
ture circulation a lifespan of 10 years was considered.
2.4. Culture harvesting
The plant is equipped with two centrifugal separators (Westfalia
mod. SSD8; 4 m3 h−1; 7.5 kW) able to harvest 80 m3 of culture (about
25% of the total plant volume) in 10 h with a high separation efﬁciency
(N95%). The open impeller pumps described in the previous section
(culture circulation pumps) are used to daily withdraw part of the cul-
ture from the panels and feed one of the separators through a dedicated
pipeline (PE 100 PN10; O.D. 63 mm) (Fig. 1). A lifespan of 25 years wasr construction at Società Agricola Serenissima (Conche di Codevigo, Padua, Italy).
257M.R. Tredici et al. / Algal Research 19 (2016) 253–263assumed for the separators. The obtained algal paste (about 20% dry
weight) is collected and the exhausted culture medium is disposed of.
Wastewater treatment costs were not considered as we assumed that
the exhausted medium contains negligible amounts of nutrients and
that, after centrifugation, suspended solids and organic load in the
exhaustedmedium are below the thresholds for discharge in the sea ac-
cording to national and regional regulations.
2.5. Growth medium preparation and supply
Nutrients (technical grade fertilizers containing N and P) are daily
added to the cultures according to productivity and the N and P content
of the biomass. A concentrated nutrient stock solution is prepared in
two HDPE 1-m3 tanks (Fig. 1) and delivered to the growth medium
tank (a 50-m3 galvanized steel tank lined with a PVC membrane for in-
sulation) by means of a centrifugal pump (4.8 m3 h−1; 2.4 bar;
0.75 kW). Natural seawater is pumped bymeans of one of the submers-
ible pumps described above to a ﬁlter (60-μmpore size) and then to the
medium tank, where the growth medium is prepared and stored (Fig.
1). One centrifugal pump (40 m3 h−1; 2.7 bar; 5.5 kW) is then used to
transfer the growth medium from the 50-m3 storage tank to a ﬁlter
(1-μm pore size) and then to the modules through the dedicated pipe-
line (PE 100 PN10; O.D. 75 mm). The lifespan of these pumps was as-
sumed to be 10 years.
2.6. Parameters control and data storage
An industrial PLC system continuously measures and regulates pH
and temperature of the cultures by activating the different valves and
by regulating the rotational speed of the submersible pumps, of the
blowers and of the frequency-controlled circulation pumps. Each mod-
ule is independently controlled, thus allowing cultivation of the same
algal strain under different conditions or of different (up to eight)
algae at the same time. Each module is also provided with a
paddlewheel ﬂow-meter for measuring cooling water consumption.
Two thermal mass ﬂow-meters, installed on themain ﬂue-gas pipeline,
measure total ﬂue-gas consumption.
3. Cost calculation methodology
The costs of the process (production of T. suecica biomass in a 1-ha
GWP®-II plant) were divided into capital (CAPEX) and annual operat-
ing costs (OPEX). Contingencies and decommissioning costs were not
considered. The sum of OPEX and total ﬁxed capital costs per annum
was divided by the annual biomass productivity to obtain the cost of
1 kg (dry weight) of biomass produced as wet paste (20% dry weight).
A detailed description of the incurred capital and operating costs is re-
ported below. According to the quantity and quality of technical infor-
mation available and the level of design, the present cost analysis can
be classiﬁed between a preliminary and a deﬁnitive estimate, with an
accuracy within ±15% [19].
3.1. Calculation of capital costs (CAPEX)
CAPEX are costs incurred to acquire and install the necessary ma-
chinery, equipment, piping, controls and services. Capital cost per
annum is considered here from an engineering viewpoint as the initial
value of the asset divided by the service life or lifespan (years) of the
asset itself applying the straight-line depreciation method [19]. The sal-
vage (residual) value of all the tangible assets usedwas considered to be
zero. The value of purchased land was not depreciated, since it usually
does not decrease with time and use [19]. Intangible assets (e.g. pat-
ents) were not considered. We assumed that in the location where the
plant is to be built, infrastructures (electricity, water supply, roads and
other services) were available.Capital costs can be divided into direct and indirect costs. Direct
costs represent monetary expenses incurred in the purchase of all the
materials and equipment necessary for running the plant. The indirect
capital costs considered in the present analysis were: engineering & su-
pervision, installation, taxes & insurance. Taxes & insurance were esti-
mated to be 1% of direct capital costs plus land [19]. Engineering &
supervision and installation were estimated to be 5 and 10% of direct
capital costs [19]. All the indirect capital costs were distributed over
the 25-year lifespan of the plant. An interest rate of 5% was assumed,
which for a 10-year loan with an equity of 40%, amounts to 17.7% of
total ﬁxed capital costs including land. The total amount of interest in
the ten years was distributed over the 25-year lifespan of the plant. In
order to guarantee a satisfactory accuracy (±15%) of the analysis,
costs ofmaterials and equipmentwere directly obtained frommanufac-
turers and suppliers. Lifespan ofmachinery, i.e., the period duringwhich
the component is economically usable, was estimated according to our
experience and communications by manufacturers and suppliers, as-
suming that machines are subjected to adequate maintenance.
3.2. Calculation of operating costs (OPEX)
OPEX are those expenses incurred as a result of normal operations.
OPEX have been divided into direct (labor, fertilizers and chemicals,
electrical energy and consumables) and indirect (maintenance, over-
head and administration) operating costs.
3.2.1. Labor
The 1-ha GWP®-II plant was designed so as tominimizemanpower,
thus several operationshave been automatized.However, plantmainte-
nance and algae cultivation still require a great deal of human skill and
practice. According to our experience six employees with different roles
and retributions are required to operate the facility. These are a plant su-
pervisor responsible for work coordination, a biologist responsible for
monitoring all aspects related to cultivation (culture health, formulation
of the growth medium, determination of harvesting time, nutrient re-
plenishment, etc.) and four workers in charge of growth medium prep-
aration, harvesting, culture sampling and routine analyses, ordinary and
extraordinary maintenance, and surveillance. Personnel are one-shift,
full-time and year-round employed, although the cultivation period
lasts only eight months a year. During the non-operative months per-
sonnel are in charge of inoculum maintenance, plant maintenance and
up-grade, marketing, etc. Labor costs were calculated from average
costs for each category in Tuscany (Italy) [20].
3.2.2. Electrical energy
The electrical energy required for daily machinery operations was
calculated multiplying the power absorbed by each machine (pumps,
blowers, centrifuges, etc.) by its operation time. Absorbed power for
each machine was directly measured in existing plants at F&M and
Microalghe Camporosso or calculated according to design parameters
as indicated in Tredici et al. [14]. A cost for electrical energy (industrial
use) of €0.175 kWh−1 was assumed [21].
3.2.3. Fertilizers, chemicals and consumables
Microalgae, as other organisms, need several macro- and
micronutrients to grow. Seawater provides many of them in sufﬁcient
amount. In general, only carbon, nitrogen, phosphorus and iron need
to be added to the seawater-based medium to ensure maximum pro-
ductivity. Nutrients are supplied as inorganic salts (technical grade), ex-
cept carbon, which is furnished during daylight hours by bubbling ﬂue-
gas into the culture. The amount of fertilizers used was calculated from
biomass productivity considering an average content in T. suecica F&M-
M33 of 7%N and 0.7% P. A nutrient uptake efﬁciency of 100%, that can be
achieved by carefully modulating the addition of nutrients according to
algal growth, was assumed. Since the plant is locatedwithin an industri-
al area next to a ﬂue-gas generator, the cost of ﬂue-gas cooling,
258 M.R. Tredici et al. / Algal Research 19 (2016) 253–263treatment and transfer to the plant battery limits was considered negli-
gible. The cost of ﬂue-gas distribution (energy consumption, piping,
etc.) from the plant battery to the reactors was instead included.
Other chemicals, mainly for cleaning and disinfection of the panels,
are regularly used (for example NaClO, HCl) and were here taken into
account. Among consumables we have included pH probes, tempera-
ture sensors and ﬁlter cartridges for air/ﬂue-gas and seawater. The plas-
tic culture chamber, although changed every year, was included in
direct CAPEX.3.2.4. Maintenance, overhead and administration
A programmed maintenance of photobioreactors (including
cleaning and repairing of the polyethylene chamber) and of the ma-
chinery is needed for correct plant functionality. An annual cost of 5%
of direct CAPEX was assumed for maintenance [19]. Overhead and
administration costs were both considered 10% of direct OPEX.Fig. 5.Monthly productivity of the 1-ha GWP®-II plant in Tuscany. Monthly global solar
radiation on the horizontal, monthly radiation intercepted by the panels and monthly
plant areal productivity of Tetraselmis suecica F&M-M33 cultivated in a 1-ha GWP®-II
plant in Tuscany.3.3. Biomass production
3.3.1. The microalga
Tetraselmis suecica is a marine green ﬂagellate of the class
Prasinophyceae, division Chlorophyta. When grown under optimal
conditions T. suecica F&M-M33 has a 40–50% protein content and
about 20% lipids [22]. Under nutrient stress (e.g. nitrogen deprivation)
it accumulates mainly carbohydrates. One of the most important ap-
plications of the microalga is in aquaculture for rearing zooplankton
and larval stages of marine ﬁsh, bivalve mollusks and crustaceans
[23]. Due to its high content of good quality protein, vitamins and
polyunsaturated fatty acids and its probiotic activity [23], this organ-
ism represents an alternative ingredient for animal feed preparation.
Active ingredients extracted from this microalga are currently used
in the development of novel cosmetic formulations [24]. It has also po-
tential for carbon dioxide ﬁxation in combination with biofuel produc-
tion [3].3.3.2. Biomass productivity
Given the chosen location (Tuscan coast, Italy) the cultivation season
was limited to the eight sunniest months (from March to October).
Based on productivity and solar radiation data collected in previous
years at the F&M experimental plant in Sesto Fiorentino, we calculated
the relationship between productivity (g m−2 panel area d−1) and the
amount of solar radiation intercepted by the panels (MJ m−2 panel
area d−1). From this relationship and the total solar radiation
intercepted by the panels per unit plant land area (MJ m−2 land area
d−1) the average productivity per unit plant land area (g m−2 land
area d−1) of T. suecica F&M-M33 grown in vertical GWP®-II reactors
was estimated for each month of the cultivation season (Fig. 5). Total
solar radiation intercepted by the panels per unit plant area was calcu-
lated from the global solar radiation on the horizontal (average of the
last 50 years) at the Tuscan coast latitude (http://re.jrc.ec.europa.eu/
pvgis/) using equations reported by Kreith and Kreider [25]. The aver-
age productivity for the eight operationmonthswas 15 gm−2 d−1, cor-
responding to an annual yield of 36 tonnes of dry biomass (collected as
wet paste at 20% dryweight) per hectare.With T. suecica F&M-M33 lim-
ited biofouling occurs andmonthly cleaning of the culture chamber suf-
ﬁces. Since cleaning is carried out during night, productivity is not
affected.4. Results
A detailed description of capital and operating costs is reported in
the following paragraphs.4.1. Direct capital cost
4.1.1. The GWP®-II photobioreactor
The 1-ha GWP®-II plant is composed of eight 1250-m2 GWP®-II
modules, each consisting of twenty-four 48-m-long panels. Materials
necessary to build the panels and their costs are listed in Table 2.
The stainless steel uprights represent the most expensive compo-
nent of the panel (more than half of the total cost), but given their
long lifespan (25 years), their annual capital cost (€1444) is similar to
that of the culture chamber (€1382) and of the wooden base (€1190)
(Table 2). Since, to be on the safe side, we consider it necessary to
change the polyethylene chamber every year, this component becomes
very expensive in terms of annual capital cost. The expenses for the re-
maining components of the GWP® module are minor. The eight mod-
ules composing the 1-ha plant cost in total €505,320 and have an
annual capital cost of €35,225 (Tables 2, 6).4.1.2. Piping, ﬁttings, valves and tanks
The most expensive pipelines are those for culture circulation
(€49,721) and air/ﬂue-gas supply (€46,329) (Table 3). Cost of piping
for harvesting is minor. The total cost of piping (including ﬁttings and
valves) for the 1-ha GWP® plant amounts to €140,945 with an annual
capital cost of €9534 (Tables 3, 6).4.1.3. Machinery and equipment
This category includes all the mechanical components and equip-
ment (heat exchangers, pumps, blowers and centrifuges) used to pro-
duce and process the algal biomass in the 1-ha plant. The most
expensive machines are the eight heat exchangers (€129,792) and the
two Westfalia centrifugal separators (€112,000). The total capital ex-
penses for this category amount to €376,504. The annual capital cost
is €22,321 (Tables 4, 6).
Table 2
Main parts, unitary costs, total cost, lifespan and capital cost per annum of a 1250-m2 GWP®-II module. The total cost of the eight modules that form the 1-ha plant is also reported.
Component Description Unit Quantity for one module
Unit cost
(€)
Total cost
(€)
Lifespan
(y) Capital cost per annum (€ y−1)
1 Wooden base with fastening bars m 1152 15.5 17,856 15 1190
2 Stainless steel uprights pcs 15,360 2.35 36,096 25 1444
3 Lateral bars pcs 48 8 384 25 15
4 Top “U” shaped bars m 2304 1.6 3686 25 148
5 LDPE culture chamber m 1152 1.2 1382 1 1382
6 Air/ﬂue-gas sparger tubing m 1152 0.4 461 5 92
7 Screws, nuts, bolts, etc. – – 3300 25 132
Total cost of one module 63,165 4403
TOTAL COST OF THE EIGHT MODULES 505,320 35,225
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One industrial control system (PLC) serves the eight modules. The
system, including pH and temperature controllers, switches, ﬁttings,
grounding, wiring and the electrical cabinet, costs €233,000. Gas and
liquid ﬂow-meters cost €29,328. The total cost of the control system
and electrical equipment is €272,728, with an annual capital cost of
€13,293 (Tables 5, 6).4.1.5. Field laboratory and land
A microbiological ﬁeld laboratory within a portable shipping con-
tainer and an inoculum preparation room for a total cost of €50,000
were considered. Other buildings and civil engineering works are not
included. Service life for the laboratory and the inoculum roomwas es-
timated to be 25 years for an annual capital cost of €2000 (Table 6). Land
cost was estimated to be €100,000 and was not depreciated (Table 6).4.2. Indirect capital cost
Total indirect capital costs, which include engineering& supervision,
installation, and taxes & insurance were estimated to be €216,280 with
an annual capital cost of €8651. Total capital investment amounts to
€1,661,777. Considering interest the annual total ﬁxed capital cost is
€101,260 (Table 6).Table 3
Cost of piping, ﬁttings, valves, tanks for the 1-ha GWP®-II plant.
Process line
Total cost
(€)
Lifespan
(y)
Capital cost per annum
(€ y−1)
Cooling
Piping 21,122 20 1056
Fittings + valves 6448 20 322
Sub-total 27,570 1379
Air/Flue gas
Piping 21,958 20 1098
Fittings + valves 24,371 20 1219
Sub-total 46,329 2317
Culture circulation (manifolds)
Piping 12,553 10 1255
Fittings + valves 37,168 10 3717
Sub-total 49,721 4972
Culture harvesting
Piping 940 20 47
Fittings + valves 4000 20 200
Sub-total 4940 247
Culture medium preparation & supply
Piping 1185 20 59
Fittings + valves 6000 20 300
Tanks 5200 20 260
Sub-total 12,385 619
TOTAL 140,945 95344.3. Operating cost (OPEX)
4.3.1. Labor
Labor costs are shown in Table 7. Salaries were taken from average
labor costs in Tuscany (Italy) for each category [20]. The total annual
cost of labor amounts to €179,400.
4.3.2. Fertilizers
The amount and cost of technical grade N and P fertilizers needed to
sustain a production of 36 tonnes of T. suecica biomass are shown in
Table 8. The requirement of sodium nitrate is about 15 tonnes per hect-
are per year [14], for a total expense of €6120. The expense for sodium
dihydrogen phosphate ismuch lower (€1500). The total cost for fertiliz-
er purchase is €7620 per year.
4.3.3. Electricity
The major electrical energy expenditure encountered in the plant is
that for the blowers (128,784 kWh y−1) that operate continuously
(5760 h per year) during the 240-day cultivation period (Table 9). The
daylight (10 h on average) hourly energy consumption of the eight
blowers is on average 30kWh.During the remainingperiod (14 h on av-
erage), the hourly energy consumption decreases to 16.9 kWh thanks to
the reduction of bubbling from 0.22 to 0.12 NL L−1 min−1. Annual elec-
trical energy consumption of the two submersible pumps mainly used
for seawater withdrawal and circulation is 25,200 kWh. They operate
for 1680 h per year (7 h per day on average) at an hourly consumption
rate of about 15 kWh. An important electrical consumption
(35,040 kWh y−1) is represented by culture circulation. As described
earlier, eachmodule is providedwith an open impeller pump that circu-
lates the culture for the whole day through the panels and manifolds
and the heat exchangers. Since the rotational speed of the pumps is fre-
quency controlled, energy consumption is optimized. The energy con-
sumption of the pumps used to transfer the medium or the culture
represents a minor expenditure. The two centrifugal separators, with a
nominal hydraulic capacity of 6 m3 h−1, operatively corresponding to
4m3 h−1, consume 9.5 kWh per hour andwork for 10 h per day, leading
to an annual consumption of 22,800 kWh. Given the annual energy con-
sumption of the different machines and the average cost of industrial
electricity in Italy [21], the total electrical energy expenditure amounts
to €37,526. By far the major cost is that for culture bubbling (€22,537)
(Table 9).
4.3.4. Consumables, maintenance, overhead and administration
In this study we have considered necessary to replace every year pH
probes, temperature sensors, and ﬁlters (for water and air/ﬂue-gas). Al-
though ﬁlter housings can be sterilized, it is advisable to replace the car-
tridges every year to prevent contamination or machinery damage. An
annual expense of €5000 for purchasing disinfecting agents and other
chemicals required for cleaning the reactor was also assumed. Total
cost of consumables, besides fertilizers, amounts to €6980 (Table 10).
Table 4
Cost of machines and other equipment needed to run the 1-ha GWP®-II plant.
Description
Quantity
(units)
Unitary cost
(€)
Total cost
(€)
Lifespan
(y)
Capital cost per annum
(€ y−1)
Machines
10 kW submersible pumpa 2 18,480 36,960 10 3696
7.5 kW three-lobe blower 8 5300 42,400 20 2120
3.75 kW circulation pump 8 2750 22,000 10 2200
5.5 kW centrifugal pump 1 1668 1668 10 167
0.75 kW centrifugal pump 2 442 884 10 88
7.5 kW centrifugal separator 2 56,000 112,000 25 4480
Equipment
Heat exchanger 8 16,224 129,792 20 6490
Filtration system for air/ﬂue-gas 8 2600 20,800 10 2080
Filtration system + UV for seawater 1 10,000 10,000 10 1000
TOTAL 376,504 22,321
a The cost for seawater pumping includes a fully-equipped pump station (pumps, support structure, electrical connection, dedicated piping, valves).
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parts of the reactors and of the ancillary equipment need to be replaced
to guarantee proper work. These costs were included in maintenance
which amounts to €67,275 (Table 10). Finally, both annual overhead
and administration costs amounted to €23,153 (Table 10). Total OPEX
were €345,107.
4.4. Biomass production cost
Given total OPEX of €345,107 and a total ﬁxed capital per annum of
€101,260, the total annual cost for plant operation is €446,367, which,
with an annual productivity of 36 tonnes (dry weight), leads to a T.
suecica biomass unitary cost of €12.4 kg−1. Labor contributes for €5,
maintenance for €1.9, electricity for €1, capital costs for €2.8.
5. Prospects of improvement
Estimated production costs of algal biomass in commercial facilities
range from about $5 to over $1000 kg−1 [26], with the lowest cost for
Dunaliella salina grown in very large natural ponds in Australia and
Arthrospira cultivated in open raceways in India and China. Cost of pro-
duction in commercial closed reactors averages €50 kg−1, much de-
pending on the productivity of the species cultivated. Thus a cost of
€12.4 kg−1 for T. suecica biomass produced in the GWP®-II is unexpect-
edly low, considering the fact that the cultivation is not carried out in
the best climatic conditions. This cost does not enable the use of the bio-
mass as feedstock for commodities (food, feed, biofuels), but would
make largely proﬁtable many other commercial applications. We have
assumed that signiﬁcant cost reductionswould be achieved by: 1 – inte-
grating the GWP®with photovoltaic (PV); 2 – cultivating a thermo-tol-
erant strain that requires no cooling; 3 – scalingup the plant to 100 ha; 4
- deploying the plant in a more suitable location where cultivation can
be carried out along the whole year. All these potential improvements
have been analyzed by reiterating the TEA with the same methodology
used for the base case (1-ha plant in Tuscany with cooling).Table 5
Capital costs of electrical equipment, instrumentation & control system for the 1-ha GWP®-II p
Description
Total cost
(€)
Gas and liquid ﬂow-meters 29,328
Inverters 10,400
Electrical cabinets, wiring, PLC and control system 233,000
TOTAL 272,728Using energy consumption and productivity data obtained at F&M
facilities with GWP®-II reactors integrated with PV elements, a NER
analysis was carried out, which showed a substantial beneﬁt of the inte-
gration (the NER increased from 0.8 to 1.7) [14]. However, PV integra-
tion does not lead to an economic beneﬁt of analogous importance.
Considering for PV a cost installed of €2.6 per Wp [27] and the need of
250,000 Wp to provide the electricity required to run the 1-ha plant,
PV integration will increase total direct capital costs of about
€650,000. Despite that in the PV integrated GWP®-II plant all the elec-
trical energy will be autonomously produced without using extra
space (the PV strips would be directly applied on the panel surface as
we successfully tested at pilot scale), the biomass unitary cost will not
change signiﬁcantly. It is foreseen that the cost of PV cells will halve in
2020 [28]. In this case the biomass cost in the PV integrated GWP®-II
will decrease to a level which could make the integration worthy. In
case our selected algal strain grows well up to 45–50 °C, by adopting a
particular orientation and inclination of the panels and, eventually,
emergency cooling by spraying seawater on the panels with crop irriga-
tors (sprinklers), the cooling system can be removed (Sampietro and
Tredici, unpublished). Thus, a thermo-tolerant strain will allow signiﬁ-
cant reductions both in CAPEX and OPEX bringing the biomass cost to
€11.1 kg−1 (Table 11).
At 100-ha scale total CAPEX per hectare can be reduced of about 30%
compared to the 1-ha scale. This CAPEX reduction per hectare was ob-
tained using Eq. (1) [12] for scaling-up by a factor of ten (from 1 to
10 ha) and further scaling up of another ten factor (up to 100 ha) by
multiplying the number of units. The need of personnel in the 100-ha
plant was estimated to be 1 plant supervisor, 10 biologists/technicians
and 40 ﬁeld workers. Half an employee per hectare is a much higher
workforce than that adopted in two recent analyses on plant based on
closed reactors at the same scale [4,13]. The electricity cost at 100-ha
scale was reduced from €0.175 to €0.145 kWh−1 in relation to the in-
creased annual consumption [21]. Similarly to CAPEX, costs per hectare
of fertilizers and other consumables were reduced of 30%. With these
assumptions, that we consider conservative, the ﬁnal cost of thelant.
Lifespan
(y) Capital cost per annum (€ y−1)
10 2933
10 1040
25 9320
13,293
Table 6
Direct and indirect capital costs, total capital investment, and total ﬁxed capital per annum
of the 1-ha GWP®-II plant.
Cost
Capital cost
per annum
(€) (€ y−1)
DIRECT CAPITAL COSTS
GWP®-II photobioreactor 505,320 35,225
Piping, ﬁttings, valves and tanks 140,945 9534
Machinery and equipment 376,504 22,321
Electrical equipment, instrumentation and controls 272,728 13,293
Field laboratory 50,000 2000
Total direct capital costs (TDC) 1,345,497 82,373
INDIRECT CAPITAL COSTS
Engineering & supervision (5% of TDC) 67,275 2691
Installation (10% of TDC) 134,550 5382
Taxes & insurance (1% of TDC + Land) 14,455 578
Total indirect capital costs 216,280 8651
FIXED CAPITAL INVESTMENT (FCI) 1,561,777 91,024
Landa 100,000 –
TOTAL CAPITAL INVESTMENT(TCI) 1,661,777 91,024
Interestb 255,893 10,236
TOTAL FIXED CAPITAL PER ANNUM – 101,260
a Land does not depreciate [19] and is not considered in the Capital cost per annum
calculation, but is included in Interest.
b Interest is applied at a rate of 5% to the sum of TDC and Land for a 10- year loan, with
40% equity and payments at the end of the period.
Table 8
Amount and cost of fertilizers required for the production of 36 tonnes (dry biomass) of T.
suecica.
Fertilizer
Requirement
(tonnes)
Cost
(€ tonne−1)
Total cost
(€)
NaNO3 15.3 400 6120
NaH2PO4 1 1500 1500
TOTAL 7620
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€4.1 kg−1 in the case of cultivation of a thermo-tolerant strain (without
cooling).
Cost B ¼ Cost A Size B=Size Að Þ0:85 ð1Þ
In the case of a 1-ha plant deployed in a more suitable country (e.g.
Tunisia), we havemade the following assumptions: 1 - daily productiv-
ity remains at 15 g m−2 land area d−1 and the cultivation period is ex-
tended to 360 days per year, leading to an annual production of
54 tonnes ha−1; 2 - total CAPEX do not change; 3 - OPEX increase
from one side in relation to the longer cultivation period and the higher
amount of biomass produced, but signiﬁcantly decrease from the other
side because labor cost per unit of personnel are halved [29] and elec-
tricity cost decreases to €0.08 kWh−1 [29–30]. Given an annual produc-
tivity of 54 tonnes, totalﬁxed capital per annumof €101,260 (same as in
the base case in Tuscany) and total OPEX of €232,073, the biomass unit
cost in Tunisia at 1-ha scale will be €6.2 kg−1. If we use a thermo-toler-
ant strain the biomass cost will decrease to €5.4 kg−1. Finally, in case of
the 100-ha plant the biomass cost will be €3.2 and €2.6 kg−1 with
cooling andwithout cooling, respectively. The biomass cost in the differ-
ent situations is shown in Table 11.
This TEA shows the relative contribution of the different factors to
the ﬁnal biomass cost and how they change with scale and location.
The percent contribution to the ﬁnal biomass cost of the main compo-
nents (considering only the plant with cooling) in the different scenar-
ios is reported in Table 12. The main costs of microalgae biomass
production in Tuscany (base case) are labor (40% of total costs), capitalTable 7
Employees and workers needed to run the 1-ha GWP®-II plant and their relative costs.
Annual cost
(€) Operators
Total cost
(€)
Plant supervisor 52,000 1 52,000
Biologist 35,000 1 35,000
Worker (unskilled) 23,100 4 92,400
TOTAL 179,400costs (23%), maintenance (15%) and electricity (8%). Any improvement
that, besides increasing productivity, reduces the need of human re-
sources (e.g. by means of higher automation) and CAPEX will have a
profound impact on biomass production cost. At large scale (100 ha),
the main cost becomes capital cost (39%), followed by maintenance
(25%), electricity (18%), while labor represents only 8% of total costs.
Thus at large scale themain objective should be reducing capital invest-
ment. Locating the plant in Tunisia halves the biomass production costs,
increases the impact of capital cost (31%) and diminishes that of labor
(27%). At large scale in Tunisia, the total biomass cost is halved again
and the major cost remains capital (41%). Hence the importance of
keeping capital cost low in this location, especially at large scale. In all
the scenarios the sum of capital cost, maintenance, electricity and
labor (a + b + c + d in Table 12) represents more than 85% of total
costs.
6. Discussion
In the different commercial applications that involvemicroalgae, the
inﬂuence of the cultivation system on biomass costs is generally consid-
ered to be a heavy one. The cost for building the GWP®-II
photobioreactors (without ancillary equipment and piping but includ-
ing manifolds) in the base case (1-ha) was about €55 m−2, i.e. about
15% of tubular photobioreactor cost [12] and not very distant from the
cost of lined ponds. A well-designed raceway pond, in fact, requires ac-
curate land leveling and a weathering resistant liner, which covers the
entire pond area, ending in an expense not far from €20 m−2 [2,31].
When ancillary equipment and indirect capital costs are considered
the capital expenses for the GWP®-II plant almost quadruple. However,
it is worth noting that part of these machines and equipment will also
be required in a raceway-based plant and, in the end, the installation
costs of pond- and photobioreactor-based plants do not differ much
[4,7]. In a recent TEA in which three technologies (panels, tubular reac-
tors and ponds) were compared for two different locations (Spain and
The Netherlands), ﬂat panels allowed the lowest biomass production
cost [4]. Our analysis shows that, with the GWP®-II technology, T.
suecica F&M-M33 can be produced in Tuscany at €12.4 kg−1. This cost
is twice that reported by Norsker et al. [7] for a 1-ha panel-based plant
in theNetherlandswith an annual productivity of 64 tonnes per hectare.
The two studies are however not comparable, since they differwidely in
terms of contribution of the different cost factors and estimated produc-
tivity. Norsker et al. [7] foresee that biomass production cost may de-
crease to €0.7 kg−1 at the 100-ha scale in optimized conditions
(increased productivity, minimummixing, free CO2 and nutrients, suit-
able location). According to our analysis, algal biomass costs lower than
€1 kg−1 will not be attained in the near future in the absence of break-
throughs in strain characteristics (biological productivity) and cultiva-
tion technologies (engineering parameters). In a recent paper by
Chauton et al. [4], in which similar conclusions are reported, panels
are considered the design most susceptible to future optimization.
Production costs ranging from €0.4 to €25 kg−1, depending on algal
strain and assumptions, have been recently reported for microalgae
produced at large scale (N1 ha) in closed systems [7,10,26]. The results
of our analysis,which shows costs varying between €3.2 and€12.4 kg−1
depending on scale and location, stand in this range. Much higher pro-
duction costs were reported by Acien et al. [12] for the production of
Table 9
Electrical energy consumption and costs of machines necessary to operate the 1-ha GWP®-II plant.
Machinery
Hourly energy
consumption (kWh)
Operation
time
(h y−1)
Annual energy consumption
(kWh y−1)
Costa
(€)
Blowers (eight) 128,784 22,537
Day 30.0 2400 72,000
Night 16.9 3360 56,784
Pumps 62,851 10,999
Two 10-kW submersible pumps 15.0 1680 25,200 4410
One 5.5-kW centrifugal pump 4.5 480 2160 378
Two 0.75-kW centrifugal pumps 0.94 480 451 79
Eight 3.75-kW circulation pumps 35,040 6132
Cooling hours 16.0 1680 26,880
No cooling period 2.0 4080 8160
Centrifuges (two) 9.5 2400 22,800 3990
TOTAL 214,435 37,526
a At €0.175 kWh−1 [21] – The price is for industrial electricity and includes non-deductible taxes and levies. VAT is excluded.
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cility located in Southern Spain. Themerit of the Spanish study is related
to the fact that input data were derived from real equipment and utility
costs without any approximation or extrapolation. The plant, based on
ten 3-m3 tubular fence-type bioreactors, operates continuously along
the year. Despite the very high productivity (3.8 tonnes y−1, corre-
sponding to 90 tonnes ha−1 y−1), the ﬁnal biomass cost (after freeze
drying) was €69 kg−1. The main causes of this high cost were very
high labor (51.6% of the total) and capital (42.6% of the total) expenses.
Total CAPEX in this plant surpassed €1000,000, despite its small size. Ac-
cording to Acien et al. [12] by optimizing the process (reduction of per-
sonnel to one man per hectare, removal of freeze drying plus other
simpliﬁcations) and scaling up production to 200 tonnes y−1 (which
will require an area of 2.2 ha) a production cost of €12.6 kg−1 can be
achieved. Our study shows that the same cost per unit biomass can be
attained in Tuscany in the 1-ha GWP®-II plant despite the lower pro-
ductivity. This positive result of our study ismainly due to the simpliﬁed
design and lower cost of the GWP®-II plant in comparison with the tu-
bular system used in Spain.
7. Conclusions
Using conservative assumptions we estimated a cost of algal bio-
mass production at 100-ha scale of about €5 kg−1 in Tuscany and
€3 kg−1 in more suitable countries. Given the peculiar biochemical
composition of somemarinemicroalgae that are rich in pigments, active
molecules, polyunsaturated fatty acids and minerals, this TEA conﬁrms
that microalgal technologies have high commercial potential not only
for high-value (e.g. cosmetics and aquaculture), but also for medium-
and low-value products (e.g. fortiﬁed and nutritional foods). With soy-
bean at less than €0.35 kg−1 andwheat andmaize at less than €0.2 kg−1Table 10
Direct and indirect (maintenance, overhead and administration) operating costs (OPEX)
for the 1-ha GWP®-II plant.
Annual cost (€)
DIRECT OPERATING COSTS
Labor 179,400
Fertilizers 7620
Electricity 37,526
Consumables 6980
Total direct operating costs (TDO) 231,526
INDIRECT OPERATING COSTS
Maintenance (5% of TDC) 67,275
Overhead (10% of TDO) 23,153
Administration (10% of TDO) 23,153
Total indirect operating costs 113,581
TOTAL OPEX 345,107
TDC: total direct capital; TDO: total direct operating costs.[32], the production of algal biofuels, protein, food and feed seems cur-
rently out of reach. However, the global scenario of agriculture com-
modities is rapidly changing and other factors, besides a pure
economic evaluation, will assume greater importance and rise public
concern in the future [33]. These include the use of non-renewable re-
sources, such as soil and freshwater, the impact on the environment
and on human health, social and political implications. A fair compari-
son of algal and agricultural techniques used in the production of our
most needed commodities (food, feed, biofuels) will require a correct
evaluation through reliable LCAs of the negative externalities of both
traditional crops and large-scale algal cultures.8. Deﬁnitions
Plant (in the present study): all the equipment, photobioreactors,
machines, buildings, instruments, controls and services necessary for
the production of algal biomass. In the present study the plant occupies
a total area of 1-ha and is composed of eight GWP®-II modules.
GWP® photobioreactor: disposable ﬂat-shaped closed cultivation
system called Green Wall Panel.
GWP®module: an autonomous production unit representing 1/8 of
the 1-ha production area. It includes twenty-four 48-m long GWP®s,
piping and instrumentation necessary for its operation. Each module is
hydraulically independent from the other. It does not include machines
and services (like centrifuges, submersible pumps and PLC control sys-
tem), which are common to the whole plant.
Panel: the LDPE culture chamber, where the photosynthetic process
occurs, and its enclosing framework with air bubbling pipe and valves.Conﬂict of interest
M.R. Tredici, L. Rodolﬁ, N. Bassi, and G. Sampietro have a ﬁnancial in-
terest in F&MS.r.l.Table 11
Cost of T. suecica biomass produced in a GWP®-II plant in Tuscany and Tunisia at 1-and
100-ha scale.
Tuscany
(€ kg−1)
Tunisia
(€ kg−1)
1-ha scale
with cooling 12.4 6.2
without cooling 11.1 5.4
100-ha scale
with cooling 5.1 3.2
without cooling 4.1 2.6
Table 12
Main costs for producing T. suecica biomass in a GWP®-II plant in the two different loca-
tions at 1-and 100-ha scale. In brackets % of total biomass cost.
Tuscany Tunisia
€ kg−1 € kg−1
1-ha scale
Total cost 12.4 6.2
a - Total ﬁxed capital cost per annum 2.8 (23%) 1.9 (31%)
b - Maintenance 1.9 (15%) 1.2 (19%)
c - Labor 5.0 (40%) 1.7 (27%)
d - Electricity 1.0 (8%) 0.5 (8%)
a + b + c + d 10.7 (86%) 5.3 (85%)
100-ha scale
Total cost 5.1 3.2
a - Total ﬁxed capital cost per annum 2.0 (39%) 1.3 (41%)
b - Maintenance 1.3 (25%) 0.9 (28%)
c - Labor 0.4 (8%) 0.1 (3%)
d - Electricity 0.9 (18%) 0.4 (13%)
a + b + c + d 4.6 (90%) 2.7 (85%)
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